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Abstract. The pyrolysis of coal and biomass is generally reported as the mass 
yield of released chemicals at various temperatures, pressures, heating rates and 
coal or biomass type. In this work, a new coal-biomass type number, NCT, is 
introduced. This number is constructed from the mass fractions of carbon, 
hydrogen, and oxygen in the ultimate analysis. This number is unique for each 
coal or biomass type. For 179 different species of coal and biomass from the 
literature, the volatile matter mass yield can be expressed by the second order 
polynomial function ln(NCT). This unique correlation allows the effects of the 
temperature and heating rate on the volatile yield YVY for coal and biomass to be 
empirically correlated as well. The correlation for the mass fraction of each 
chemical component in the released volatile matter correlation is obtained from 
the YVY correlation. The weight factor for some of the components is constant for 
the variation of NCT, but not for others. The resulted volatile matter and yield 
correlations are limited to atmospheric pressure, very small particles (less than 
0.212 mm) and interpreted for wire-mesh pyrolysis reactor conditions and a 
nitrogen gas environment.  
Keywords: Coal-biomass type number; emperical pyrolysis correlations; pyrolysis 
performance; volatile components; volatile proximate matter; volatile yield.  
1 Introduction 
Coal or biomass pyrolysis plays a very important role in the combustion and 
gasification processes. Pyrolysis is classified as a chemical decomposition 
phenomenon of solid fuels. It produces volatile matter in the form of light gases 
and tars. This process requires the heat to decompose the coal or biomass into 
volatile products and char. The light gases and tars are oxidized by the available 
oxygen to release gaseous products and heat. The heat must be released 
continuously at least at a minimum rate to undergo the interlinked processes 
between pyrolysis, volatile combustion and char oxidation.  
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Many parameters affect coal or biomass pyrolysis during the combustion or 
gasification process. These parameters are: (i) temperature, (ii) pressure, (iii) 
heating rate, (iv) coal or biomass type, (v) coal or biomass particle size, (vi) 
combustion or gasification process method – whether fixed bed, fluidized bed, 
pulverized coal or entrained bed, and (vii) pyrolysis environment with or 
without oxygen atmosphere. The effect of particle size can be excluded if the 
coal or biomass particle size is very small. The process method makes no 
difference if the pyrolysis is conducted in a standard wire-mesh reactor (WMR). 
Pyrolysis without oxygen environment is commonly conducted in a nitrogen 
(N2) atmosphere. The majority of the pyrolysis data used in this study were 
obtained for an N2 environment.  
Different types of coal exhibit different pyrolysis performances. Low-rank 
coals, such as lignites, release more volatile matter than high-rank coals. The 
chemical components and composition of the volatile product most likely differ 
from one coal or biomass type to another. To quantify the effect of the coal or 
biomass type, a numerical coal type number is required.  
Carbon content as mass fraction (%YC) is a common coal type number that has 
been used by many authors, such as Niksa, et al. [1], Mill [2], and Genetti [3]. 
The light gas and tar yields are the common indicators for expressing how the 
pyrolysis behaves. However, using carbon content as coal type number does not 
produce a consistent result. 
There are two scientific tools for classifying coals that are generally used: the 
Seyler coal chart and the van Krevelen diagram. The Seyler coal chart relates 
the chemical component values of carbon (C) and hydrogen (H) and oxygen (O) 
to the various coal properties. The van Krevelen diagram relates two sets of 
atomic mass ratios, YH/YC and YO/YC, to the various coal properties. 
Unfortunately, the YH/YC and YO/YC ratios are not unique for each type of coal or 
biomass.  
Basically, the general classification of coal or biomass types is indicated by the 
ultimate analysis that quantifies their elemental composition. The proximate 
analysis provides information about the mass fraction of volatile matter (VM), 
fixed carbon (FC), moisture (M) and ash (A). Because the proximate analysis is 
conducted using a standard process, the results cannot be translated directly to 
configure the pyrolysis process if the process conditions are not exactly the 
same as the standard conditions.  
The major elements that form coals and biomass are C, H, O, nitrogen (N) and 
sulfur (S). The chemical structure of a coal or biomass is very complex. Various 
models of coal structures have been constructed by authors such as Schlosberg 
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[4] and Solomon, et al. [5]. In fact, many chemical structures can be constructed 
for the same coal. Currently, it appears that the exact chemical structure has not 
been uniquely defined for each coal or biomass. In that case, the elements 
present in the coal are the most suitable features to identify the coal or biomass 
type.  
A new coal or biomass type number is required that is unique for each type of 
coal or biomass. The coal or biomass type number is formed by two atomic 
mass ratios, YC/YH and YC/YO. This number is obtained by multiplication of the 
two mass ratios. Each coal or biomass should have a single value for this 
number. The proposed coal or biomass type number is used to characterize the 
coal or biomass pyrolysis performance in order to form empirical correlations.  
The objective of this work is to develop such a new coal type number in order to 
cover a wide range of coals, including biomass. The proposed empirical models 
are presented in several correlations of new unique parameters. Hopefully, these 
correlations can be used for practical purposes to predict any pyrolysis 
parameter from the coal type number and other operational variables. The 
proposed correlations work at atmospheric pressure, for very small coal or 
biomass particles (less than 0.212 mm diameter) and wire-mesh pyrolysis 
reactor conditions with an N2 gas environment.  
The ultimate and proximate analysis results and other available experimental 
data for a wide spectrum of coal and biomass types were found in the literature. 
The results show that the proposed coal or biomass type number is a unique and 
independent variable.  
Having a unique correlation of the mass fraction of volatile matter to the coal or 
biomass type number NCT allows the effects of temperature and heating rate to 
be quantified. This results in an empirical correlation for the volatile yield YVY. 
The mass fraction correlation for any chemical component in the released 
volatile matter can then be formulated from the obtained empirical correlation.  
2 Formulation 
The coal quality, described as energy content, is mainly determined by the 
elements C, H and O. The mass fractions of these elements are reported as an 
ultimate analysis. Anthracite coal has the highest energy content of all coals. 
This feature correlates directly to higher C, lower H and lower O contents. The 
coal quality is reduced when the coal has lower C, higher H and higher O 
contents. The lowest ranking coal is lignite, which has higher O, lower C, and 
higher H contents. For example, from biomass to anthracite coals, the C content 
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ranges from 44 to 95%, the H content decreases from 7.5 to 1%, and the O 
content decreases from 50 to 1%.  
The pyrolysis performance depends on the coal or biomass type and several 
operational parameters. These operational parameters are: pressure, temperature 
and heating rate (Niksa, et al. [1]). The performance is quantified by the 
pyrolysis mass rate, yields and light gas and tar composition.  
As well as by the ultimate analysis, coal or biomass qualities are described by 
volatile matter, fixed carbon, ash and moisture contents. These contents are 
reported in the proximate analysis. The volatile matter mass fraction of volatile 
matter YVM was measured using the standard measurement method described in 
ASTM 3175-07. This method is considered a pyrolysis process at a moderate 
temperature level, slow heating rate and long exposure time. The particle size is 
smaller than 212 µm. The material is heated to 900°C for 7 minutes. During the 
first minute, the heating rate is increased to 13°C/s, and for the second minute, 
the heating rate is set to 2.5°C/s. After the second minute, the heating rate is 
maintained at 0.1°C/s. 
By referring to the method above, the volatile matter content in the proximate 
analysis is actually considered a result of the pyrolysis process under standard 
conditions. Therefore, the volatile matter contents from the proximate analysis 
can be correlated to the coal or biomass type number.  
Mass fraction YC increases from biomass to anthracite coal. Mass fraction YO 
behaves in the opposite way to the C element mentioned above. Mass fraction 
YC is divided by mass fraction YO to define NC/O as 
 
/
C
C O
O
Y
N
Y
=                                                                                            (1) 
This value consistently increases from biomass to anthracites.  
 
In the same way, mass fraction YH evolves from high to low values from 
biomass to anthracites. When YC is divided by YH, NC/H is defined as  
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=
                                                                                       (2) 
The value of this parameter also increases from biomass to anthracites. 
 
These two parameters are multiplied together to give a coal or biomass type 
number NCT  that is defined as  
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The value of this coal or biomass type number also consistently increases from 
biomass to anthracites. Moreover, this value should be unique for each coal or 
biomass type. This parameter becomes a single parameter that covers the mass 
fractions of C, H and O as major elements of biomass and coals.  
The mass fraction of volatile matter YVM can be correlated to the coal or biomass 
type number NCT. The general correlation of YVM to NCT is stated as  
 ( )1VM CTY f N=                                                                                   (4) 
The value of NCT for anthracite is very high because of its higher YC and lower 
YO and YH. The top limit of NCT  is infinite. A very high NCT gives a very low 
value for YVM. For biomass, the NCT  value should be very low due to the low YC 
values and high YO and YH values. This produces a very high YVM that 
approaches to one. The boundaries of the correlation of Eq. (4) are defined as  
 
,     ,    0
,         0,     1
CT VM
CT VM
Anthracite N Y
Biomass N Y
→ ∞ →
→ →
                                               (5) 
When these boundaries are applied, the most suitable correlation is an 
exponential function of NCT  that is expressed as  
 
( )[ ]2 2exp       where ( ) 0VM CT CTY f N f N= − >                   (6) 
 ( )[ ]2% 100 100  exp       VM VM CTY Y f N= = −                       (7) 
The function f(NCT) is proposed as a polynomial function of NCT  
 
2 3
2 CT( )  ln( )  (ln ) d (lnN )       CT CT CTf N a b N c N= + + +         (8) 
The operational conditions of coal and biomass combustion or gasification 
differ from the proximate analysis conditions. The heating rate β and pressure P 
can be higher than the proximate analysis conditions. Niksa [1], Mill [2], 
Genetti [3], and Xu and Tomita [6] have investigated the pyrolysis behavior of 
different coals under different conditions. The measured pyrolysis variables 
were light gas mass fraction, tar yield, total volatiles, and volatile enhancement. 
The effects of the different coal types on these variables were plotted against 
%YC. Because %YC is not unique for each coal, it is difficult to draw a consistent 
trend for the effect of the coal type.  
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Pressure affects the pyrolysis performances. High-pressure pyrolysis releases 
less volatile compounds than low-pressure pyrolysis. Niksa [1], Lee, et al. [7], 
Fatemi [8], and Yeasmin, et al. [9]. Zeng [10] have shown that the tar reduction 
and total volatile yield are more significant for bituminous coals, but less 
significant for lignites. An interesting hypothesis from Zeng’s work is that the 
effect of pressure on the total volatile yield is more significant at higher 
temperatures. Tamhankar, et al. [11] have stated a surprising finding in which 
the volatile yield increased with pressure at temperatures between 800°C and 
900°C. This implies that the effect of pressure is more complicated than the 
effects of the other parameters. This needs to be elaborated and discussed more 
deeply in another study. The present work does not cover the effect of pressure.  
The proposed coal type number is preferably used in describing how the 
pyrolysis variables behave in relation to the coal type. The mass yield of a 
chemical component resulted by the pyrolysis process is stated as Yi. The 
correlation between Yi and the coal type number and other operational 
conditions is defined as 
 ( )3 , ,i CTY f N Tβ=                                                     (9) 
It is our intention to construct the correlation of Eq. (9) using the experimental 
data of pyrolysis performances available in the literature.  
3 Coal and Biomass Databank 
To formulate the correlations between pyrolysis behavior and coal-biomass type 
number, the proximate and ultimate data from a wide range of types and origins 
were used. These coal and biomass data were gathered from different sources in 
the literature. In total, 179 coal data sets were used for this study; 6 Australian 
coals provided by Mill [2], 29 USA coals published in Genetti [3], and 21 coals 
reported by Xu and Tomita [6]. The rest were coals found in references [12-16] 
and originated from Canada, China, Japan, Germany, Indonesia, Slovenia, 
Ukraine, Korea, Vietnam and India. 
The different sources of biomass data studied were reported by Parikh, et al. 
[17]. Some of the biomass was defined as char. In total, 37 biomass datasets 
were available. 
All the 179 coal and biomass data sets were ranked from the lowest to the 
highest carbon, oxygen and hydrogen contents. These data cover the ultimate 
and proximate analysis data. The ultimate data are presented in terms of the 
mass fractions of C, H, O, N and S.  
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The proximate data are reported as percentage of mass fraction of volatile 
matter and fixed carbon. The ash is quantified by the mass ratio between the ash 
and the coal by excluding the water and ash contents 
Some data sets in the literature report higher heating values, while others do not. 
Therefore, the high heating values (HHV) used here were calculated from the 
correlation given by Parikh, et al. [17].  
4 Results and Discussion  
4.1 Volatile Matter Correlation  
The coal quality is commonly shown as the H/C mass ratio versus the O/C mass 
ratio, as is referred to in the van Kravelen chart [18]. This chart is meant only 
for mapping coals in terms of their chemical element contents. The van 
Krevelen diagram for the 179 coal and biomass data sets used in this study are 
shown in Figure 1. Even though they correlate positively to each other, there is 
no need to construct a mathematical correlation between them in Figure 1. 
Besides that, using one of the aforementioned ratios as a coal or biomass type 
number does not cover all major chemical elements that form the coal or 
biomass.  
 
Figure 1 Van Krevelen diagram for coals and biomass in the databank. 
Volatile matter is released during the proximate analysis and is reported as mass 
fraction percentage %YVM. Because the proximate analysis is conducted under 
certain conditions, the volatile matter mass cannot be considered as the contents 
of the volatile matter in the coal or biomass. Because the values of %YVM  from 
the literature were obtained under standard conditions, the plot of %YVM  with 
the various coal or biomass type numbers accurately characterizes the coal or 
biomass pyrolysis performance. First, %YVM is plotted against %YC of coal or 
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biomass, as was done by most authors, such as Niksa, et al. [1], Genetti [3] and 
Xu and Tomita [6]. The plot for all coal and biomass types is shown in Figure 2. 
When %YC is used as a coal type parameter, the correlation between the other 
major elements (H and O) and %YC should be very clear and strong. However, 
in fact, the correlation between %YH and %YC is found to be scattered and the 
correlation between %YO and %YC is very scattered and weak. For this reason, 
%YC does not provide a unique coal type parameter. 
Figure 2 shows a significant and strong effect of %YC on volatile matter release 
%YVM. One may construct an empirical correlation between these two 
parameters. Since %YC alone cannot characterize coal or biomass types in the 
form of a unique parameter, it is irrelevant to build an empirical equation to 
describe this relationship. Moreover, it is difficult to justify the use of only the 
carbon content as a coal or biomass type number, because it does not consider 
the oxygen and hydrogen contents. Both the oxygen and the hydrogen content 
have a significant impact on the pyrolysis performance of coal and biomass. 
 
Figure 2 Correlation of the mass fraction of released volatile matter in the 
proximate analysis with the carbon content of the coals and biomass from the 
databank.  
Because %YC alone as coal type number is not suitable, based on the reasons 
provided above, a new coal type number, NCT, Eq. (3), is proposed. A plot by 
symbols of %YVM  from the available coal and biomass data compared with this 
new parameter is presented in Figure 3. A high NCT number relates to the high 
carbon content of the coal or biomass. Notably, this plot exhibits a correlation 
of a continuous line from small to large NCT numbers, i.e. from biomass to 
anthracite coal. This finding is different from that in Figure 2, in which one 
correlation behavior for all values of %YC is not well justified. The correlation 
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at higher NCT or higher %YC numbers continuously becomes flatter than that of 
the lower %YC coal type numbers.  
The NCT parameter uses all three major chemical elements of coal and biomass, 
carbon (C), hydrogen (H), and oxygen (O). The value of NCT is unique for each 
coal or biomass type. The NCT number is sufficient to numerically represent 
each coal or biomass type.  
One might argue that NCT does not cover the sulfur (S) and nitrogen (2) contents. 
However, because the sulfur and nitrogen contents are usually small, the NCT 
number defined in Eq. (3) is specific enough to generate a unique value for each 
type of coal or biomass. In fact, the contents of S and N scatter against NCT.  
The model for the %YVM correlation with NCT developed here is stated by Eqs. 
(6)-(8). This model is fitted to the %YVM data for the 179 coal and biomass 
types. The fitted model equation is obtained as follows: 
 ( )[ ]2% 100 100 exp       VM VM CTY Y f N= =                      (10) 
 
2
2 ( ) 0.031 0.029ln( ) 0.038(ln )     CT CT CTf N N N= − −        (11) 
 
Figure 3 Fitted correlation % mass fraction of released volatile matter %YVM in 
the proximate analysis for new coal type number NCT from Eqs. (10) and (11) for 
coal and biomass types from the databank. 
The best fitted correlation is at R2 = 0.884. In Figure 3, this fitted model is 
plotted against and compared with the 179 coal and biomass data sets, 
producing a continuous line. Using the fitted model, the deviation of the 
predicted %YVM from the data is approximately 15%. Knowing NCT only from 
known values for %YC, %YH and YO%, the mass fraction of the released volatile 
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matter can be predicted for all types of coals and biomass using Eqs. (10) and 
(11).  
4.2 Heating Value Correlation 
Under dry conditions, the proximate analysis of a coal or biomass is reported as 
the mass fraction percentages of volatile matter %YVM,d, fixed carbon %YFC,d and 
ash %YA,d. Parikh, et al. [17] developed the high heating value (HHV) model for 
the entire spectrum of solid carbonaceous materials, such as coals, lignites, 
biomass, char and residue-derived fuels. That correlation is rewritten as follows: 
 
, , ,
84.59 % 37.30 % 1.87 %    ,    kCal/kg   HV FC d VM d A dH Y Y Y= + −  (12) 
Knowing the %YVM under dry, ash-free conditions from the present correlations 
expressed by Eqs. (10) and (11), the %YFC,d and %YVM,d can be calculated from 
the correlations below: 
 
,
,
,
100%
%100 % 1001
% % 100 %
VM d
A dVM
VM VM A d
Y
YY
Y Y Y
=
−
+ +
−
 
 
 
        (13) 
 
, , ,
% 100 % %FC d VM d A dY Y Y= − −                   (14) 
 
Figure 4 Predicted high heating values of dry coal and biomass correlated to 
coal type number NCT and ash content %YA,d. 
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The chart of HHV for the entire spectrum of coal and biomass types for different 
ash contents can be generated from Eqs. (12)-(14). This chart is presented in 
Figure 4. 
Once the ultimate analysis of a coal or biomass is known, the coal type number 
NCT can be evaluated. With known NCT, %YVM is predicted from Eqs. (10) and 
(11). %YVM,d and %YFC,d are calculated from Eqs. (13) and (14) for different 
values of %YA,d. Subsequently, HHV is predicted using Eq. (12).  
Compared to the Dulong equation for HHV prediction, the present correlation 
predicts HHV within a range of 10% lower to 10% higher for the whole biomass 
and coal range. In fact, the Dulong equation is not considered accurate for 
prediction of the heating value.  
4.3 Correlations for Pyrolysis Performance 
4.3.1 Effect of Coal-Biomass Type  
The measurement of pyrolysis performances was comprehensively conducted 
by Xu and Tomita [6]. In their experiment, 17 coals were involved. The 
pyrolysis experiments were set to a temperature of 1037 K, a heating rate of 
3000 K/s, and atmospheric pressure. The pyrolysis performance indicators that 
were measured were the mass fractions of tar and light gases. The yield data 
were tar (Ytar), water vapor (YH2O), carbon dioxide (YCO2), carbon monoxide 
(YCO), methane (YCH4), and other light gases (Yother). Because the experimental 
conditions were different from the proximate analysis conditions, the mass 
fraction of volatile matter is noted as YVY. This YVY is composed of light gases 
YLG and tar YTar, defined by  
 
VY LG TarY Y Y= +                                                                              (15)  
YLG is constructed from the light gas components as follows: 
 2 2 4LG H O CO CO CH OthersY Y Y Y Y Y= + + + +                       (16) 
Due to the difference in the experimental conditions, the yield of volatile matter 
YVY is different from the mass fraction of volatile matter YVM that was measured 
in the proximate analysis. The volatile enhancement was introduced by Mill [4] 
as  
      
V Y
E
V M
Y
V
Y
=
                                               (17) 
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Figure 5 Correlation of volatile yield YVY and volatile matter mass fraction in 
proximate analysis YVM with the coal type number NCT and predicted volatile 
matter mass fraction (Pred. VM) using Eqs. 10 and 11. Measured data from Xu 
and Tomita [6]. 
 
Figure 6 Correlations of light gas YLG, Ytar, and components YH2O, YCO2, YCH4, 
and YCO yield with coal type number NCT. Measured data from Xu and Tomita 
[6]. 
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YVY was correlated to the %YC of the coal ultimate analysis by Xu and Tomita 
[6]. In the present work, the coal type number NCT is used to show the effect of 
the coal type. The present correlation is shown in Figure 5. This correlation 
reveals a trend similar to the YVM correlation. The similarity in the trend is one 
of the strengths of using the NCT coal type number rather than using %YC. The 
tar and light gas mass fractions also have a trend similar to the YVM correlation, 
as shown in Figure 6 frames a) and b). The mass fractions of each component of 
the light gases were also plotted against NCT, as shown in Figure 6 frames c) to 
f). Notably, there is a behavior trend of the mass fraction of each component 
similar to YVM against NCT, except for the CH4 component. The YCH4 plot, as 
observed in Figure 6 frame e), forms a maximum value. 
4.3.2 Effects of Temperature and Heating Rate  
The effect of temperature on the pyrolysis behaviors is well understood. Coal or 
biomass pyrolysis is a thermal decomposition process. This process has a strong 
temperature dependence that is controlled by the chemical kinetics. The 
decomposition products of coal and biomass are solid char, tar, and light gases. 
The light gases consist of the gas components stated in Eq. (16). The kinetic 
mechanism of the coal or biomass pyrolysis with very small particles is 
commonly modeled as a simple mechanism that leads to the absence of the 
secondary reaction of the tar. This mechanism also does not include the 
distribution of activation energy. Moreover, using the detail mechanism for 
constructing the empirical correlation of volatile yield with temperature and 
heating rate is not required.  
A first order and simple kinetic expression of the coal or biomass was used to 
build the correlations of YVY and YVM to temperature and heating rate. The 
heating rate β is proportional to the temperature gradient along the time of 
sample ∂T/∂t. The pyrolysis conditions are most likely different from the 
proximate analysis conditions. The standard temperature TS, pressure PS and 
heating rate are 900°C, 1 atm and βS, respectively. The resulting mass fraction 
of the released volatiles is YVM. If a pyrolysis process is conducted at 
temperature T, heating rate β and pressure similar to the proximate analysis, the 
mass fraction of the released volatiles is stated as YVY. The ratio between the 
released volatiles YVY for a pyrolysis process under a certain condition to the 
released volatiles under standard conditions YVM is proposed as follows 
 
4 ( , )  ( )
 
( )
s S
Tf
V Y T
V M S
Y T
e
Y T
β
β
=
                            (18) 
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Eq. (18) has the same definition as volatile enhancement Eq. (17). The volatile 
enhancement exists due to the temperature and heating rate effects.  
References [14]-[19] report the measurement of released volatile mass fraction 
YVY. The measurement conditions varied the heating rate, temperature and 
residence time. Each of them used different types of coals and biomass. A 
summary of the experimental conditions is listed in Table 1. These data were 
used in this study to explore the correlation that is defined by Eq. (18).  
The correlation of VE for different coal and biomass types with T/TS was 
generated using the measured data from the aforementioned references. The 
results are shown in Figure 7. The data show that a single correlation for 
YVY/YVM with T/TS can be drawn that covers all types from biomass to 
bituminous coal, heating rates from 0.4 to 1500°C/s, and residence time from 7 
to 500 s. This finding indicates a unique correlation between volatile 
enhancement VE and temperature ratio T/TS. The effect of the heating rate on VE 
is shown to be minor. Oh [19] has shown that the effect of the heating rate on 
YVY is less than a 4% increase when increasing the heating rate 10 times. A 
similar result was shown by Jamil, et al. [20], who stated that an increase in the 
heating rate from 0.5 to 1000°C/s gives an increase of only 1% in the %YVY.  
 
Volatile enhancement VE is concluded to be a significant function of 
temperature ratio T/TS. Eq. (18) is simplified into  
 
5 ( )  ( )
  
( )
S
Tf
V Y T
V M S
Y T
e
Y T
=
                                                           (19) 
Table 1 The experimental conditions for the volatile matter mass fractions YVY 
at various temperature levels from references [11,19,21-24].  
Literature [11] [19] [21] [22] [23] [24] 
Pressure 1 atm 1 atm 1 atm 1 atm 1 atm 1 atm 
Heating rate 500-1500 
°K/s 1000°C/s 
30-300 
°K/s 1000°C/s 23°C/s 0.42°K/s 
Temperature 
range 
800-1600 
°C 
200-1000 
°C 
500-
1000°C 
598-1057 
°C 
650-
800°C 
650-
1025°C 
Resicence 
time 140 s 7 s 30 s  300 s 500 s 
Coal or 
Biomass 
Type 
Lignite 
PSOC-246 
Pittsburgh 
No. 8  
Illinois 
No. 6 
Lignite 
Texas 
Wood 
Chips 
 
Function f5 is fitted using the data from the various sources. The best fitted 
model generates function f5(T/Ts) as follows: 
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5 4 3
( ) 3 .8 7 2 8 .2 8 8 0 .8 7 -  5
T T T Tf
T T T TS s s s
= − +
     
     
     
     
 
                         
2
1 1 2 .8 7 7 .0 7 -2 0 .6   T T
T T
s s
+
   
   
   
   
                      (20)                                                                                      
This work proves that the volatile enhancement is a function of the temperature 
ratio only. 
Stubington and Sasongko’s [25] conclusion for coal pyrolysis performances at a 
heating rate from 2 to 150 K/s and coal particle sizes from 2 to 20 mm is that 
the volatile yield under fluidized bed combustor conditions is approximately the 
same as the volatile matter in the proximate analysis result. This infers that the 
present correlation Eq. (19) could be used to estimate the volatile yield for coal 
sizes up to 20 mm.  
 
Figure 7 Correlation of YVY/YVM at various temperatures T/TS, data from  
[11,19,21-24], and the line fitted model Eqs. (19) and (20).  
4.3.3 General Empirical Correlation 
A general correlation for predicting the pyrolysis performance in terms of 
volatile yield YVY for a broad range of coal and biomass types as a function of 
temperature T and coal type number was successfully developed and 
constructed using data available in the literature. This correlation is stated as 
follows: 
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The effect of the coal or biomass type is stated by exponential function f2, which 
is solely a function of NCT. This function is expressed by Eq. (11). The effect of 
temperature is described by exponential function f5. The f5 function is a function 
of the temperature ratio T/Ts observed in Eq. (20). The effect of heating itself is 
minor; on the whole, it contributes insignificantly to the f5 function.  
The mass fraction of a volatile component yi is defined as  
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where the i-component is H2O, CO2, CO, H2, CH4, tar and others. The 
summation for all mass fractions should be equal to one. This is a constraint 
factor for yi. The correlation for the mass yield of each volatile component 
according to temperature T and NCT is further formulated as follows: 
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Because the effects of all of the variables are grouped with YVY in Eq. (21), the 
performances of yi can be expected to be constants; if they are not, there will be 
some interaction effects between components. If one component increases its 
yield with NCT, there will be at least one component that has a decreased yield. 
To determine how these yi’s behave, the measured data for the component 
yields of the light gases and tar from Xu and Tomita [6] were used. The plots of 
yi versus NCT are given in Figure 8. The mass fraction for the total light gases is 
constant as observed in Figure 8 frame b), which is similar for the tars as well, 
as shown in Figure 8a. The mass fractions for the H2O and CO2 components can 
be stated to be constant. These are shown by Figure 8 frame c) and d). The mass 
fraction for CO increases with NCT. To counter that, the mass fraction for CH4 is 
shown to decrease with NCT.  
Eq. (23) is very valuable in predicting the light gas and tar composition. The 
only values that have not been modeled are the yi values. In this work, it is 
shown how each yi behaves with NCT. The mass fractions of the light gases and 
tar show a scattered behavior with NCT. A similar correlation trend exists for the 
H2O and CO2 gases. However, the correlations between yCO and yCH4 with NCT 
are shown to decrease consistently. Interestingly, the summation between yCO 
and yCH4 is shown to be constant along the NCT axis. The expectation that the 
values should be constant
 
is valid for all y’s except for the individual yCO and 
yCH4. The function of yi in Eq. (23) can be determined if there are more 
comprehensive data available on component yields in the released volatiles.  
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Figure 8 Generated correlations of mass fractions of light gas yLG, tar yTar, yH2O, 
yCO2, yCH4 and yCO in the total volatile matter yield when compared with NCT. 
Measured data from Xu and Tomita [6]. 
5 Conclusions  
A coal or biomass type number has been developed successfully. This 
parameter uses the mass fractions of carbon, hydrogen and oxygen (YC, YH and 
YO) that were obtained from ultimate analysis data to give a numeric value 
observed as NCT = (YC/YH)(YC/YO). The value of this number is unique for each 
type of coal or biomass. The mass fractions of the volatile matter have a unique 
exponential correlation to the polynomial function ln(NCT). The heating values 
of a coal or biomass type also have a unique correlation to the coal type number 
and ash mass fraction.  
With this unique correlation to the mass fraction of the volatile matter, the 
temperature effect and heating rate become quantifiable and result in a general 
correlation that allows the prediction of the pyrolysis performances in terms of 
the volatile yield (YVY) for a broad range of coal and biomass types. This 
correlation is generated by multiplying the temperature and coal type functions. 
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The effect of self-heating is minor and becomes part of the temperature 
function.  
The resulting general correlation for the mass yield of a component in the 
volatile matter is characterized by the total mass yield correlation and a 
component weight factor correlation. The weight factor equals the mass fraction 
of the component in the released volatile matter. The weight factors for some of 
the components are constant for the variation of NCT, but not for others. A 
constraint for this factor is that the summation of the mass fractions must be 
equal to one. For future work, it is recommended to formulate each component 
yield function from more comprehensive experimental data to predict pyrolysis 
performances.  
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